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GRAPHICAL  ABSTRACT 


►  A  porous  Ni-Sn  foam  was  fabricated 
by  the  electro-deposition  accom¬ 
panied  by  hydrogen  evolution 
reaction. 

►  The  Ni  of  the  porous  and/or  den¬ 
dritic  structured  Ni-Sn  alloy  con¬ 
tributed  to  excellent  stability. 

►  The  porous  Ni5oSn5o  foam  exhibited 
530  mAh  g-1  capacity  after  50  cycles 
with  capacity  retention  of  90.5%. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  7  November  2012 
Received  in  revised  form 
4  January  2013 
Accepted  5  January  2013 
Available  online  23  January  2013 


Keywords: 

Porous  nickel— tin  foam 
Anode  electrode 
Hydrogen  evolution  reaction 
Dendrite  structures 
Lithium-ion  battery 


A  highly  porous  three-dimensional  Ni-Sn  alloy  foam  is  fabricated  by  electro-deposition  accompanied  by 
hydrogen  evolution  reaction.  This  foam  can  evolve  into  porous  and  dendritic  metal  alloy  structures. 
These  Sn-based  electrodes  have  been  evaluated  for  use  as  anodes  in  lithium-ion  batteries.  Dendritic 
NisoSnso  alloy  foam  exhibits  high  electrochemical  capacity  and  excellent  cycle  stability  during  charge 
—discharge  processes.  The  nickel  in  a  Ni— Sn  alloy  does  not  break  off  during  the  volume  expansion/ 
contraction  sequence  in  battery  operation  cycles  and  supports  the  Sn  remaining  on  the  anodes.  The  voids 
in  the  tube-like  porous  Ni— Sn  morphology  enhance  the  mass  transfer  of  Li+  ions  and  act  as  mechanical 
bumpers  during  the  charge-discharge  processes. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  been  widely  used  as  power  sources 
in  several  digital  products,  such  as  cellular  phones  and  portable 
computers.  Most  commercial  lithium-ion  batteries  use  carbon- 
based  materials  for  the  anodes  due  to  their  high  safety,  good 
electrical  conductivity,  high  capacity,  and  low  electrochemical  po¬ 
tentials  as  compared  with  lithium  metal  [1].  Nowadays,  lithium-ion 
batteries  are  also  considered  for  use  in  Electric  Vehicles  (EVs), 
Hybrid  EVs,  and  Plug-in  Hybrid  EVs.  For  these  applications,  the 
safety  and  powder  density  of  lithium-ion  batteries  should  be 
improved. 
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To  obtain  higher  gravimetric  and  volumetric  capacity  from  Li- 
ion  batteries,  tin(Sn)-based  intermetallic  materials  have  attracted 
much  interest  as  replacements  for  the  conventional  carbonaceous 
anode  materials  of  Li-ion  batteries,  because  the  Sn  in  these  mate¬ 
rials  has  higher  theoretical  capacitance  (LLj^Sn:  994  mAh  g_1)  than 
that  of  graphite  (LiCe:  372  mAh  g-1).  Pure  Sn  metal,  however,  ex¬ 
hibits  poor  cyclic  lifetime  due  to  its  mechanical  scalability  from 
volume  expansion  and  contraction  of  the  pure  Sn  metal  during 
lithium  insertion  and  extraction  processes.  During  the  charge- 
discharge  cycles,  this  mechanical  scalability  will  crack  and  deteri¬ 
orate  the  electrode,  significantly  affecting  the  mechanical  stability 
and  cyclic  lifetime  of  the  battery.  To  solve  these  problems,  two 
kinds  of  approaches  have  been  discussed:  the  use  of  inactive  or 
active  metals  as  a  relatively  soft  ‘buffer  agent’  to  relax  the  volume 
change  of  Sn  and  the  size  reduction  of  the  particles  of  tin-based 
materials  to  provide  space  for  the  volume  change  of  Sn.  Many 
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inactive  metals  have  been  introduced  to  enhance  the  cycle  ability  of 
tin-based  materials,  such  as  Sn-Fe  [2],  Sn-Ni  [3-7],  Sn-Co  [3,8- 
11],  and  Sn-Cu  [12,13]. 

In  our  previous  works,  we  have  used  the  electro-deposition 
accompanied  by  hydrogen  evolution  reaction  to  obtain  highly 
porous  metal  foams  for  application  to  several  kinds  of  electro- 
catalytic  and  energy  devices.  With  this  fabrication  technique,  sil¬ 
ver,  palladium,  platinum,  and  gold  porous  structures  were  prepared 
at  high  cathodic  over-potentials  [14-20].  The  hydrogen  bubbles 
generated  from  the  conductive  substrate  at  the  cathodic  over¬ 
potential  led  to  the  formation  of  porous  and/or  dendritic  struc¬ 
tures.  The  porous  structure  is  formed  by  the  coalescence  of 
hydrogen  bubbles  which  are  detached  from  the  substrate.  During 
this  hydrogen  evolution  reaction  as  a  dynamic  template,  a  metal  is 
co-deposited  in  the  interstitial  spaces  of  the  hydrogen  bubbles. 

In  this  work,  we  fabricated  porous  three-dimensional  (3D)  Ni- 
Sn  metal  foams  having  particular  microforms  and  dendritic  struc¬ 
tures  with  a  large  surface  area  by  this  co-electro-deposition  during 
the  hydrogen  evolution  reaction.  The  anodic  performance  of  the 
fabricated  Ni-Sn  foams  in  a  Li-ion  battery  has  been  also  evaluated 
for  several  different  compositions  of  the  Ni-Sn  alloy  foam 
electrode. 


2.  Experiment 

In  preparation  of  the  Ni-Sn  metal  foam,  a  Cu  foil  of  0.5  cm 
diameter  was  used  as  the  current  collector  and  conductive  sub¬ 
strate  for  the  electro-deposition  process.  The  copper  foil  was  me¬ 
chanically  polished  with  aluminum  powders  to  describe  a  smooth 
surface.  The  copper  oxide  on  the  surface  of  the  Cu  foil  was  then 
removed  by  immersing  the  Cu  foil  in  a  0.1  M  sulfuric  acid  solution 
for  3  min  and  then,  the  Cu  foil  was  cleaned  with  de-ionized  water.  A 
3D  Ni-Sn  metal  foam  was  obtained  by  using  an  aqueous  electrolyte 
containing  0.2  M  NiC^,  0.015-0.05  M  SnC^,  and  1  M  H2SO4  at  -4  V 
cathodic  over-potential.  All  solutions  were  based  on  de-ionized 
water  and  analytical  grade  chemicals.  The  electro-deposition 
accompanied  by  hydrogen  evolution  reaction  was  carried  out  at 
room  temperature  on  a  standard  three-electrode  system  consisting 
of  the  Cu  foil  as  the  working  electrode,  Pt  plate  (1x4  cm2)  as  the 
counter  electrode,  and  Ag/AgCl  (3  M  NaCl)  as  the  reference  elec¬ 
trode  using  an  electrochemical  workstation  (Electrochemical 
Impedance  Analyzer,  IM6ex). 

The  chemical  composition  and  morphology  of  the  Ni-Sn  foam 
were  analyzed  by  energy  dispersive  X-ray  analysis  (EDX)  and  field 
emission  scanning  electron  microscopy  (SEM)  (JEOL,  JSM-7000F), 


Fig.  1.  FESEM  images  of  as-deposited  porous  (a)  pure  nickel,  (b)  pure  tin,  (c),  (d)  Ni2oSn8o,  and  (e),  (f)  Ni35Sn65,  which  were  obtained  by  electro-deposition  with  hydrogen  evolution 
reaction. 
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Fig.  2.  FESEM  images  of  porous  Ni5oSn5o  alloy  foam  from  (a)  top-surface  view  and  (b)  cross-sectional  view,  and  (c),  (d)  their  nano-sized  tube-like  morphologies  in  Ni-Sn  dendrites. 


respectively.  The  structure  of  the  Ni-Sn  foam  was  also  examined  by 
using  an  X-ray  diffractometer  (XRD)  (Bruker  AXS  with  Cu-Ka  ra¬ 
diation  at  40  kV  and  40  mA). 

3.  Result  and  discussion 

The  Ni-Sn  alloy  foam  to  use  as  the  anode  electrode  in  a  lithium- 
ion  battery  is  fabricated  by  the  dynamic  hydrogen-template  pro¬ 
cess,  in  which  hydrogen  bubbles  function  as  a  template  in  the 
electro-deposition  of  metals.  These  hydrogen  bubbles  lead  to 
a  dendritic  morphology  by  mass  transfer  in  the  non-equilibrium 
condition.  Fig.  1  shows  FESEM  images  of  pure  nickel  (cf  Fig.  1(a)), 
pure  tin  (cf.  Fig.  1(b)),  and  3D  porous  Ni-Sn  alloy  foams  (cf 
Fig.  1(c)— (f)).  Nickel-  and  tin-based  materials  can  be  formed  into 
self-supporting  porous  and/or  dendritic  structures  by  the  dynamic 
hydrogen-template  process,  as  shown  in  Fig.  1(a)  and  (b).  Under 
careful  observation,  nickel  is  more  likely  to  become  aggregated 
particles  and  tin  to  become  needle-type  dendrites.  The  size  and 
numbers  of  the  porous  and/or  dendritic  structures  are  dependent 
on  the  concentrations  of  the  metal  ions  and  hydrogen  ions  and  the 
applied  over-potential. 

Fig.  1(c)  and  (d)  shows  the  FESEM  images  of  N^oSngo  alloy  foam 
obtained  at  -4  V  cathodic  over-potential  with  an  electrolyte  solu¬ 
tion  containing  0.2  M  NiCl2,  0.02  M  SnCl2,  and  1  M  H2SO4.  The 
NhoSnso  alloy  foam  has  a  dendritic  morphology  similar  to  that  of 
the  pure  tin  foam.  As  the  tin  ion  concentration  in  the  solution  de¬ 
creases,  the  morphology  of  the  Ni35Sn65  alloy  foam  less  similar  to 
the  unique  needles  formation  of  tin  (refer  Fig.  1  (e)  and  (f)).  To  obtain 
a  desirable  Ni-Sn  alloy  foam  structure  which  exhibits  good  elec¬ 
trochemical  performances  and  stability  for  the  Li-ion  battery,  the 
composition  of  Ni2+  and  Sn2+  needs  to  be  optimized  in  the  elec¬ 
trolyte.  In  our  experiments,  a  very  uniform  morphology  was 
obtained  when  the  composition  ratio  between  Ni  and  Sn  was  1:1. 
Ni5oSn5o  alloy  foam  of  this  Ni-Sn  composition  ratio  was  fabricated 
at  -4  V  with  an  electrolyte  containing  0.2  M  NiCl2,  0.01  M  SnCl2, 
and  1  M  H2SO4.  As  shown  in  Fig.  2(c)  and  (d),  the  Ni5oSn5o  alloy 


foam  has  a  tube-like  dendritic  structure,  whose  tube  diameter  is 
less  than  100  nm  and  the  length  of  dendritic  branches  is  about 
5  pm. 

The  analysis  of  the  composition  ratios  of  Ni  and  Sn  in  Ni-Sn 
alloy  layers  of  Fig.  2(b)  showed  a  slightly  higher  atomic  percent  of 
nickel  at  the  bottom  than  at  the  surface.  This  phenomenon  is 
caused  by  the  difference  in  the  electrochemical  reactivity  between 
nickel  and  tin  due  to  their  different  standard  electrode  potentials. 
The  standard  electrode  potential  of  nickel  is  -0.25  V  (vs.  SHE), 
which  is  a  more  negative  value  than  the  standard  electrode  po¬ 
tential  of  tin,  which  is  -0.13  V  (vs.  SHE).  Accordingly,  nickel  is 
reduced  easily  once  the  electro-deposition  begins  because  it  has 
a  lower  standard  electrode  potential  than  tin. 

By  X-ray  diffraction  (XRD),  the  phases  of  the  nickel,  tin,  and 
nickel-tin  alloy  foams  were  determined.  Fig.  3(a)  shows  the  typical 
XRD  peaks  of  the  porous  Ni,  Sn,  and  Ni-Sn(Ni5oSn5o)  alloy  foams 
and  Fig.  3(b)  shows  the  EDX  data  of  Ni5oSn5o.  The  pure  Sn  phases  of 
(200),  (101),  (220),  (211),  (112),  and  (321)  are  evident  at  the  angles 
of  30.6,  32.0, 43.9,  44.9,  62.5,  and  64.6,  whereas  the  pure  Ni  phases 
of  (111 ),  (200),  and  (220)  at  44.5,  51.6,  and  76.4,  respectively.  In  the 
alloy,  the  Ni3Sn4  phases  of  (111),  (310),  (202),  and  (312)  are 
observed  at  the  angles  of  30.3,  31.5,  43.8,  and  44.2,  respectively. 
(Note  that  the  diffraction  peaks  at  43.3,  50.4,  and  74.1  are  the  dif¬ 
fraction  peaks  of  the  copper  foil  used  as  a  current  collecting  sub¬ 
strate.)  Shown  in  Fig.  3,  the  predominant  phase  of  Ni3Sn4  in  the 
porous  Ni-Sn  alloy  foam  slightly  deviates  from  the  theoretical  XRD 
data  of  Ni3Sn4.  The  Sn  content  is  higher  than  50%  by  atomic  in  EDX 
data.  This  might  be  caused  by  the  existence  of  NixSny  metastable 
phases  and  a  small  quantity  of  Ni  at  the  bottom  of  Ni-Sn  alloy 
foam  [6]. 

Electrochemical  charge-discharge  behaviors  were  investigated 
using  home-made  Swagelok-fitted  cells  assembled  in  an  argon- 
filled  glove  box.  Before  measurements,  the  3D  Ni-Sn  alloy  foam 
anodes  were  dried  at  70  °C  for  12  h  in  vacuum.  The  cathode  was 
utilized  with  a  lithium  metal  foil,  and  the  electrolyte  solution  was 
made  of  1  M  LiPF6  in  a  mixture  of  ethylene  carbonate  (EC),  dimethyl 
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Fig.  4.  First  charge  route  and  the  discharge  potential  profiles  of  (a)  Ni2oSn80  and 
(b)  Ni5oSn5o  at  1C  rate. 


Fig.  3.  Composition  analysis  of  (a)  XRD  peaks  and  (b)  typical  EDX  patterns. 

carbonate  (DMC),  and  diethyl  carbonate  (DEC)  with  a  volumetric 
ratio  of  1:1:1,  respectively.  The  cells  were  charged  and  discharged 
at  1C  current  density  using  a  battery  test  system  (WPG100  Poten- 
tiostat/Galvanostat),  and  the  cut-off  voltage  range  was  0.01-3.0  V 
(vs.  Li/Li+)  at  room  temperature.  Fig.  4  shows  the  plots  of  voltage 
vs.  capacity  of  the  (a)  N^oSngo  and  (b)  Ni5oSn5o  alloy  foams  as  an¬ 
odes  for  a  lithium-ion  battery  at  1C  cycling  rate.  During  the  first 
charge,  the  Li  insertion  into  the  Ni-Sn  alloy  occurred  at  lower  than 
0.5  V  vs.  Li/Li+.  A  clear  potential  plateau  was  shown  at  around  0.5  V 
vs.  Li/Li+  in  the  first  cycle,  which  is  caused  by  the  lithiation  process 
into  Sn  to  format  the  LixSn  alloy  [3-6,8].  The  expression  is  descri¬ 
bed  by  the  following  reactions  [6]: 

First  cycle: 


Ni3Sn4  +  17.6Fi+  -»4Fi44Sn  +  3Ni 
Following  cycles: 

Li4  4Sn  — ►  Sn  +  4.4Fi+  +  4.4e_  (discharge) 


Sn  +  4.4Fi+  +  4.4e^Fi44Sn(charge) 


charge  process  [21]. 

In  Fig.  5,  the  initial  discharge  capacities  of  N^oSngo  and  Ni5oSn5o 
are  496  mAh  g-1  and  361  mAh  g_1,  respectively.  A  higher  Sn  con¬ 
tent  seems  to  lead  a  higher  initial  discharge  capacity.  These 
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discharge  capacities  are  generally  higher  than  the  charge  capacity 
because  the  charge  process  usually  undergoes  in  full  charging.  In 
charge-discharge  cycling,  charge  mode  is  continued  to  combine 
Li+  with  Sn  for  composition  of  Li4.4Sn  until  constant  time  after 
arrival  at  3  V.  On  the  other  hand,  Li+  inserted  into  Ni-Sn  alloy 
might  not  be  sufficiently  extracted  from  the  Li4.4Sn.  For  these  rea¬ 
sons,  some  cases  of  discharge  capacity  showed  higher  than  a  cor¬ 
responding  charge  capacity.  After  50  cycles,  however,  the  capacity 
of  the  Ni5oSn5o  anode  increases  to  530  mAh  g'1  and  it  remains, 
whereas  that  of  N^oSnso  is  426  mAh  g-1  at  the  50th  cycle  but  de¬ 
creases  down  to  107  mAh  g_1  at  the  60th  cycle.  The  capacity  of 
Ni5oSn5o  is  retained  at  90.5%(compare  to  the  maximum  capacity  of 
discharge)  even  after  50  cycles.  This  value  is  higher  than  those  for 
other  reports  about  nano-structure  of  Sn-based  materials  [5,22]. 

It  could  be  concluded  that  the  nickel  in  the  Ni-Sn  alloy  con¬ 
tributes  as  a  buffer  agent  that  improves  the  mechanical  property  of 
the  anode  in  charge-discharge  cycles  so  that  it  yields  better  elec¬ 
trochemical  performance  in  battery  applications.  During  the 
repeated  Li+  insertion  and  extraction  reaction,  nickel  plays  an 
important  role  in  keeping  the  stability  of  Ni-Sn  anode  materials,  as 
evident  in  the  rapid  decrease  of  capacity  of  N^oSnso  and  the 
excellent  stability  of  Ni5oSn5o  (cf.  Fig.  5).  A  sufficient  amount  of 
nickel  in  an  Ni-Sn  alloy  foam  prevents  the  breaking-off  of  the  tin 
metal  from  the  electrode  substrate  due  to  volume  expansion  and 
contraction  during  charge-discharge  cycles. 

In  addition,  due  to  the  highly  porous  3D  Ni-Sn  structure,  Li+ 
ions  can  be  inserted  themselves  into  the  tube-like  porous  dendritic 
surface  promptly,  which  lowers  the  mass-transfer  limitation  and 
increases  the  energy  density  of  the  electrodes.  The  voids  in  the 
porous  anode  layers  can  not  only  enhance  the  accessibility  of  Li  ions 
but  also  moderate  as  a  mechanical  bumper,  in  response  to  volume 
changes  during  the  charge-discharge  processes  to  prevent  cracks 
and  disintegration  of  the  Ni-Sn  alloy.  Accordingly,  the  nano-sized 
tube-like  porous  Ni-Sn  morphology  significantly  influences  the 
performance  of  the  charge-discharge  because  of  its  effect  on  mass 
transfer  and  its  role  as  a  mechanical  moderator. 

4.  Conclusions 

The  3D  porous  dendritic  Ni-Sn  alloy  foam  was  electro- 
deposited  within  a  dynamic  hydrogen-bubble  template.  Nano¬ 
sized  tube-like  dendritic  features  were  prepared  and  utilized  as 
anodes  in  Li-ion  batteries.  A  sufficient  amount  of  nickel  in  a  Ni-Sn 
anode  is  needed  to  maintain  capacity  value  of  Li-ion  battery  even 


after  repeated  charge-discharge  cycles.  The  highly  porous  struc¬ 
ture  of  the  Ni-Sn  anode  contributes  to  excellent  cycle-life  stability, 
providing  facile  accessibility  to  Li+  ions.  These  volumetric  voids  also 
act  as  mechanical  bumpers  preventing  the  structural  disruption  of 
Ni-Sn  anodes.  The  porous  NisoSnso  alloy  foam  exhibited 
530  mAh  g_1  capacity  at  1C  current  density,  and  the  capacity  is 
retained  at  90.5%(compare  to  the  maximum  capacity  of  discharge) 
even  after  50  cycles. 
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